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Quarkonia and potential models  
mb,mc � ⇤QCD ) non-relativistic bound states, analogs QED positronium
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r
+ �r + spin dep.
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Eichten et al, PRL 34 (75)  369, PRD 21 (80) 203 
1-gluon exchange, ↵s ⇠ 0.4
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Nevertheless nearly perfect agreement between
the phenomenological and lattice potentials
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Cornell model
Wloops, a=0.06 fm

Very successful in describing charmonium
and bottomonium spectrum below the
the open charm and beauty threshold
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Problems:
Running of ↵s ?
Linear potential valid only
for r � 1 fm,

V (r) = �r � ⇡

12r
+ . . .

Soft gluon fields ??
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Lüscher term



Quarkonia in effective theory approach  
M � 1/r ⇠ Mv � Mv2, M = mc,b
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E↵ective theory (EFT) approach
<latexit sha1_base64="Le/c1eAhdfHp9J0f7JzTNhpRdW0=">AAACEnicbZDLTgIxFIY7eEO8oS7dNBIT2JAZNrokMRiXmHBLgJBOOQMNnXbSdkgmhGdw46u4caExbl25820sMAsF/6TJl/+c0/b8fsSZNq777WS2tnd297L7uYPDo+OT/OlZS8tYUWhSyaXq+EQDZwKahhkOnUgBCX0ObX9yu6i3p6A0k6Jhkgj6IRkJFjBKjLUG+VJPSCaGIEyuFgRADZsCNmOQKsHF2l2jhEkUKUnoeJAvuGV3KbwJXgoFlKo+yH/1hpLGob2bcqJ113Mj058RZRjlMM/1Yg0RoRMygq5FQULQ/dlypTm+ss4QB1LZIwxeur8nZiTUOgl92xkSM9brtYX5X60bm+CmP2Miig0IunooiDk2Ei/ywUOmbAo8sUCoYvavmI6JItTYFHM2BG995U1oVcqe5YdKoVpJ48iiC3SJishD16iK7lEdNRFFj+gZvaI358l5cd6dj1VrxklnztEfOZ8/EbSdAg==</latexit><latexit sha1_base64="Le/c1eAhdfHp9J0f7JzTNhpRdW0=">AAACEnicbZDLTgIxFIY7eEO8oS7dNBIT2JAZNrokMRiXmHBLgJBOOQMNnXbSdkgmhGdw46u4caExbl25820sMAsF/6TJl/+c0/b8fsSZNq777WS2tnd297L7uYPDo+OT/OlZS8tYUWhSyaXq+EQDZwKahhkOnUgBCX0ObX9yu6i3p6A0k6Jhkgj6IRkJFjBKjLUG+VJPSCaGIEyuFgRADZsCNmOQKsHF2l2jhEkUKUnoeJAvuGV3KbwJXgoFlKo+yH/1hpLGob2bcqJ113Mj058RZRjlMM/1Yg0RoRMygq5FQULQ/dlypTm+ss4QB1LZIwxeur8nZiTUOgl92xkSM9brtYX5X60bm+CmP2Miig0IunooiDk2Ei/ywUOmbAo8sUCoYvavmI6JItTYFHM2BG995U1oVcqe5YdKoVpJ48iiC3SJishD16iK7lEdNRFFj+gZvaI358l5cd6dj1VrxklnztEfOZ8/EbSdAg==</latexit><latexit sha1_base64="Le/c1eAhdfHp9J0f7JzTNhpRdW0=">AAACEnicbZDLTgIxFIY7eEO8oS7dNBIT2JAZNrokMRiXmHBLgJBOOQMNnXbSdkgmhGdw46u4caExbl25820sMAsF/6TJl/+c0/b8fsSZNq777WS2tnd297L7uYPDo+OT/OlZS8tYUWhSyaXq+EQDZwKahhkOnUgBCX0ObX9yu6i3p6A0k6Jhkgj6IRkJFjBKjLUG+VJPSCaGIEyuFgRADZsCNmOQKsHF2l2jhEkUKUnoeJAvuGV3KbwJXgoFlKo+yH/1hpLGob2bcqJ113Mj058RZRjlMM/1Yg0RoRMygq5FQULQ/dlypTm+ss4QB1LZIwxeur8nZiTUOgl92xkSM9brtYX5X60bm+CmP2Miig0IunooiDk2Ei/ywUOmbAo8sUCoYvavmI6JItTYFHM2BG995U1oVcqe5YdKoVpJ48iiC3SJishD16iK7lEdNRFFj+gZvaI358l5cd6dj1VrxklnztEfOZ8/EbSdAg==</latexit><latexit sha1_base64="Le/c1eAhdfHp9J0f7JzTNhpRdW0=">AAACEnicbZDLTgIxFIY7eEO8oS7dNBIT2JAZNrokMRiXmHBLgJBOOQMNnXbSdkgmhGdw46u4caExbl25820sMAsF/6TJl/+c0/b8fsSZNq777WS2tnd297L7uYPDo+OT/OlZS8tYUWhSyaXq+EQDZwKahhkOnUgBCX0ObX9yu6i3p6A0k6Jhkgj6IRkJFjBKjLUG+VJPSCaGIEyuFgRADZsCNmOQKsHF2l2jhEkUKUnoeJAvuGV3KbwJXgoFlKo+yH/1hpLGob2bcqJ113Mj058RZRjlMM/1Yg0RoRMygq5FQULQ/dlypTm+ss4QB1LZIwxeur8nZiTUOgl92xkSM9brtYX5X60bm+CmP2Miig0IunooiDk2Ei/ywUOmbAo8sUCoYvavmI6JItTYFHM2BG995U1oVcqe5YdKoVpJ48iiC3SJishD16iK7lEdNRFFj+gZvaI358l5cd6dj1VrxklnztEfOZ8/EbSdAg==</latexit>

Heavy quark fields are Pauli spinors, heavy pair creation is only present implic-

itly through higher dimension 4-fermion operators
<latexit sha1_base64="0Di6Aq88M2Ck0N6QD0dSF+MuKB0="></latexit><latexit sha1_base64="0Di6Aq88M2Ck0N6QD0dSF+MuKB0="></latexit><latexit sha1_base64="0Di6Aq88M2Ck0N6QD0dSF+MuKB0="></latexit><latexit sha1_base64="0Di6Aq88M2Ck0N6QD0dSF+MuKB0="></latexit>

Potentials are parameters of the EFT Largangian
<latexit sha1_base64="E9pVRJBOlAHxdvbZvbIO+RUGOLg=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVZMi6LIgigsXFfqCNpSb6SQdOsmEmYlQQj/Djb/ixoUibrvzb5y0WWjrhYHDOfdw5xwv5kxp2/62CmvrG5tbxe3Szu7e/kH58KitRCIJbRHBhex6oChnEW1ppjntxpJC6HHa8cY3md55olIxETX1JKZuCEHEfEZAG2pQvmgITSPNgCsMkuIYJIRUGwcWPtYjim/vmvgBZABRwMA4KnbVng9eBU4OKiifxqA86w8FSUJzhHBQqufYsXZTkJoRTqelfqJoDGQMAe0ZGJnryk3nwab4zDBD7AtpXqTxnP3tSCFUahJ6ZjMEPVLLWkb+p/US7V+7KYvixKQni0N+wrEWOGsJD5mkRPOJAUAkM3/FZGSqIVkzJVOCsxx5FbRrVcfgx1qlfpnXUUQn6BSdIwddoTq6Rw3UQgQ9o1f0jj6sF+vN+rS+FqsFK/ccoz9jzX4A/zafqQ==</latexit><latexit sha1_base64="E9pVRJBOlAHxdvbZvbIO+RUGOLg=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVZMi6LIgigsXFfqCNpSb6SQdOsmEmYlQQj/Djb/ixoUibrvzb5y0WWjrhYHDOfdw5xwv5kxp2/62CmvrG5tbxe3Szu7e/kH58KitRCIJbRHBhex6oChnEW1ppjntxpJC6HHa8cY3md55olIxETX1JKZuCEHEfEZAG2pQvmgITSPNgCsMkuIYJIRUGwcWPtYjim/vmvgBZABRwMA4KnbVng9eBU4OKiifxqA86w8FSUJzhHBQqufYsXZTkJoRTqelfqJoDGQMAe0ZGJnryk3nwab4zDBD7AtpXqTxnP3tSCFUahJ6ZjMEPVLLWkb+p/US7V+7KYvixKQni0N+wrEWOGsJD5mkRPOJAUAkM3/FZGSqIVkzJVOCsxx5FbRrVcfgx1qlfpnXUUQn6BSdIwddoTq6Rw3UQgQ9o1f0jj6sF+vN+rS+FqsFK/ccoz9jzX4A/zafqQ==</latexit><latexit sha1_base64="E9pVRJBOlAHxdvbZvbIO+RUGOLg=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVZMi6LIgigsXFfqCNpSb6SQdOsmEmYlQQj/Djb/ixoUibrvzb5y0WWjrhYHDOfdw5xwv5kxp2/62CmvrG5tbxe3Szu7e/kH58KitRCIJbRHBhex6oChnEW1ppjntxpJC6HHa8cY3md55olIxETX1JKZuCEHEfEZAG2pQvmgITSPNgCsMkuIYJIRUGwcWPtYjim/vmvgBZABRwMA4KnbVng9eBU4OKiifxqA86w8FSUJzhHBQqufYsXZTkJoRTqelfqJoDGQMAe0ZGJnryk3nwab4zDBD7AtpXqTxnP3tSCFUahJ6ZjMEPVLLWkb+p/US7V+7KYvixKQni0N+wrEWOGsJD5mkRPOJAUAkM3/FZGSqIVkzJVOCsxx5FbRrVcfgx1qlfpnXUUQn6BSdIwddoTq6Rw3UQgQ9o1f0jj6sF+vN+rS+FqsFK/ccoz9jzX4A/zafqQ==</latexit><latexit sha1_base64="E9pVRJBOlAHxdvbZvbIO+RUGOLg=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVZMi6LIgigsXFfqCNpSb6SQdOsmEmYlQQj/Djb/ixoUibrvzb5y0WWjrhYHDOfdw5xwv5kxp2/62CmvrG5tbxe3Szu7e/kH58KitRCIJbRHBhex6oChnEW1ppjntxpJC6HHa8cY3md55olIxETX1JKZuCEHEfEZAG2pQvmgITSPNgCsMkuIYJIRUGwcWPtYjim/vmvgBZABRwMA4KnbVng9eBU4OKiifxqA86w8FSUJzhHBQqufYsXZTkJoRTqelfqJoDGQMAe0ZGJnryk3nwab4zDBD7AtpXqTxnP3tSCFUahJ6ZjMEPVLLWkb+p/US7V+7KYvixKQni0N+wrEWOGsJD5mkRPOJAUAkM3/FZGSqIVkzJVOCsxx5FbRrVcfgx1qlfpnXUUQn6BSdIwddoTq6Rw3UQgQ9o1f0jj6sF+vN+rS+FqsFK/ccoz9jzX4A/zafqQ==</latexit>

Tree level $ potential model (i@0 +
r2

r
M � Vs(r))S(r,R, t) = 0

<latexit sha1_base64="jVI5clWqw/cem/ZnpYpS40sInvc="></latexit><latexit sha1_base64="jVI5clWqw/cem/ZnpYpS40sInvc="></latexit><latexit sha1_base64="jVI5clWqw/cem/ZnpYpS40sInvc="></latexit><latexit sha1_base64="jVI5clWqw/cem/ZnpYpS40sInvc="></latexit>

S = S(r,R, t), O = O(r,R, t), E = E(R, t)
<latexit sha1_base64="cg28bxVKGGmtI8l8G+BX2E9b8ao=">AAACNnicfZBbSwJBFMfP2s3stl3eelmSwEBkN4J6EYQQegkt8wIqNjvO6uDshZnZQBb7Ur30OXrzpYcieu0jNF6C1OgPAz/+/3OYc44dMCqkaQ612NLyyupafD2xsbm1vaPv7lWEH3JMythnPq/ZSBBGPVKWVDJSCzhBrs1I1e5djvLqA+GC+t6d7Aek6aKORx2KkVRWS78uZUuphotk13YiPkj/4O0gLU/Sj4Vs4Z80n82nZqyWnjQz5ljGIlhTSOYOHOceAIot/aXR9nHoEk9ihoSoW2YgmxHikmJGBolGKEiAcA91SF2hh1wimtF47YFxrJy24fhcPU8aY/d3R4RcIfqurSpHQ4r5bGT+ldVD6Vw0I+oFoSQennzkhMyQvjG6odGmnGDJ+goQ5lTNauAu4ghLdemEOoI1v/IiVE4zluIbK5k7g4nicAhHkAILziEHV1CEMmB4giG8wbv2rL1qH9rnpDSmTXv2YUba1zfthazY</latexit><latexit sha1_base64="WgfAmvvF/2UtBolh7V5NFLz4QG4=">AAACNnicfZDLSgMxFIYzXmu9jZedm2ARKpQyI4JuCgUpuJFWay/QlpJJM21o5kKSEcowvpQbn8NdNy4UcesjmJlWsK34Q+Dj/88h5xzLZ1RIwxhrS8srq2vrqY305tb2zq6+t18XXsAxqWGPebxpIUEYdUlNUslI0+cEORYjDWt4FeeNB8IF9dx7OfJJx0F9l9oUI6msrn5TLVSzbQfJgWWHPMr94F2Uk6e5x3Kh/E9aKpSyM1ZXzxh5IxFcBHMKmeKhnajS1V/aPQ8HDnElZkiIlmn4shMiLilmJEq3A0F8hIeoT1oKXeQQ0QmTtSN4opwetD2unith4v7uCJEjxMixVGU8pJjPYvOvrBVI+7ITUtcPJHHx5CM7YFB6ML4h7FFOsGQjBQhzqmaFeIA4wlJdOq2OYM6vvAj1s7yp+NbMFM/BRClwBI5BFpjgAhTBNaiAGsDgCYzBG3jXnrVX7UP7nJQuadOeAzAj7esbjn+uEA==</latexit><latexit sha1_base64="WgfAmvvF/2UtBolh7V5NFLz4QG4=">AAACNnicfZDLSgMxFIYzXmu9jZedm2ARKpQyI4JuCgUpuJFWay/QlpJJM21o5kKSEcowvpQbn8NdNy4UcesjmJlWsK34Q+Dj/88h5xzLZ1RIwxhrS8srq2vrqY305tb2zq6+t18XXsAxqWGPebxpIUEYdUlNUslI0+cEORYjDWt4FeeNB8IF9dx7OfJJx0F9l9oUI6msrn5TLVSzbQfJgWWHPMr94F2Uk6e5x3Kh/E9aKpSyM1ZXzxh5IxFcBHMKmeKhnajS1V/aPQ8HDnElZkiIlmn4shMiLilmJEq3A0F8hIeoT1oKXeQQ0QmTtSN4opwetD2unith4v7uCJEjxMixVGU8pJjPYvOvrBVI+7ITUtcPJHHx5CM7YFB6ML4h7FFOsGQjBQhzqmaFeIA4wlJdOq2OYM6vvAj1s7yp+NbMFM/BRClwBI5BFpjgAhTBNaiAGsDgCYzBG3jXnrVX7UP7nJQuadOeAzAj7esbjn+uEA==</latexit><latexit sha1_base64="Fd1r9THgF+IPX3ra93QR+vZdNo4=">AAACNnicfZDLSsNAFIYn9VbrLerSTbAIFUpJRNBNoSAFN9Jq7QXaUCbTSTt0MgkzE6GE+FJufA533bhQxK2P4LSNYFvxwMDH/5/DnPM7ASVCmuZYS62srq1vpDczW9s7u3v6/kFD+CFHuI586vOWAwWmhOG6JJLiVsAx9ByKm87wauI3HzAXxGf3chRg24N9RlyCoFRSV7+pFWu5jgflwHEjHud/8C7Oy9P8Y6VY+cctF8u5OamrZ82COS1jGawEsiCpald/6fR8FHqYSUShEG3LDKQdQS4JojjOdEKBA4iGsI/bChn0sLCj6dmxcaKUnuH6XD0mjan6eyKCnhAjz1GdkyXFojcR//LaoXQv7YiwIJSYodlHbkgN6RuTDI0e4RhJOlIAESdqVwMNIIdIqqQzKgRr8eRlaJwVLMW3VrZ0nsSRBkfgGOSABS5ACVyDKqgDBJ7AGLyBd+1Ze9U+tM9Za0pLZg7BXGlf3+b5q1g=</latexit>

Brambilla, Pineda, Soto, Vairo,
NPB 566 (00) 275
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<latexit sha1_base64="7p1AXC9uof9Os4UFeRiMtuXW3fE="></latexit><latexit sha1_base64="+SZ7KJHUQLREO+gThtRDUuF4um0="></latexit><latexit sha1_base64="+SZ7KJHUQLREO+gThtRDUuF4um0="></latexit><latexit sha1_base64="VNkjwuktfUMwOmsxPMSJbeSpJgs="></latexit>

Caswell, Lepage, PLB 167 (86) 437

Non-relativistic QCD (NRQCD) : EFT at scale 1/r (scale M is integrated out):
<latexit sha1_base64="By8umVfHUmReyP70eUgsmIh1UqE="></latexit><latexit sha1_base64="By8umVfHUmReyP70eUgsmIh1UqE="></latexit><latexit sha1_base64="By8umVfHUmReyP70eUgsmIh1UqE="></latexit><latexit sha1_base64="By8umVfHUmReyP70eUgsmIh1UqE="></latexit>

potential NRQCD (pNRQCD): EFT at scale Ebin ⇠ Mv2 (scale 1/r ⇠ Mv is
integrated out):

<latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="p24+b0GJK/afGuv0JCL/J7H5ow0="></latexit><latexit sha1_base64="p24+b0GJK/afGuv0JCL/J7H5ow0="></latexit><latexit sha1_base64="P4Cdsl4vUD3C5dA2u3es9HBQ1Dg="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit><latexit sha1_base64="RlL8gxpUjOhkPumqmLM/hczPnbI="></latexit>
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<latexit sha1_base64="Oa0Q584mVZoQ34wVOaFT2Pn7gPk="></latexit><latexit sha1_base64="Oa0Q584mVZoQ34wVOaFT2Pn7gPk="></latexit><latexit sha1_base64="Oa0Q584mVZoQ34wVOaFT2Pn7gPk="></latexit><latexit sha1_base64="Oa0Q584mVZoQ34wVOaFT2Pn7gPk="></latexit>



Vacuum and in-medium properties as well as  dissolution of mesons  are encoded in the 
spectral functions: 

Melting is seen as progressive broadening and disappearance of the bound state peaks

Meson correlators and spectral functions  

⇢(!, p, T ) =
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ipxh[O(x, t), O(0, 0)]iT , O(x, t) ⇠ Q̄(x, t)�Q(x, t)
<latexit sha1_base64="BlK+tlAgg7t38c+OSk/ZOJLR2F8=">AAACl3icbVFda9swFJW9ry77yj5exl4uC4MEvGJng43BWKFj657aQNIWIsfIspyISraR5JEg3J+0H7O3/ZspjhlbuwtCR+ecK+nem1aCaxOGvzz/xs1bt+/s3e3du//g4aP+4yenuqwVZTNailKdp0QzwQs2M9wIdl4pRmQq2Fl6cbjVz74zpXlZTM2mYrEky4LnnBLjqKT/A6tVOcSlZEsSVMF09BHnilAbNXYMuOINWKwkfJ MNYF6YxL52W242zcJ2IDPAFpbD7g4wzdYH2eLNuuWrtcsUpFgKBvPj4TowowCOh2EQjmLAqhWSaXB5CTsRsOYScEoUTFoCfyVSku6Q9AfhftgG/AHRVTBAXZwk/Z84K2ktWWGoIFrPo7AysSXKcCpY08O1ZhWhF2TJ5g4WRDId27avDbxyTAZ5qdxyNbXs3xmWSK03MnVOScxKX9W25P+0eW3y97HlRVUbVtDdQ3ktwJSwHRJkXDFqxMYBQhV3fwW6Im4uxo2y55pwreTr4HS8Hzk8eTs4GHft2EMv0Es0RBF6hw7QETpBM0S9Z94H79D77D/3P/lf/KOd1fe6nKfon/AnvwFzpcY4</latexit><latexit sha1_base64="BlK+tlAgg7t38c+OSk/ZOJLR2F8=">AAACl3icbVFda9swFJW9ry77yj5exl4uC4MEvGJng43BWKFj657aQNIWIsfIspyISraR5JEg3J+0H7O3/ZspjhlbuwtCR+ecK+nem1aCaxOGvzz/xs1bt+/s3e3du//g4aP+4yenuqwVZTNailKdp0QzwQs2M9wIdl4pRmQq2Fl6cbjVz74zpXlZTM2mYrEky4LnnBLjqKT/A6tVOcSlZEsSVMF09BHnilAbNXYMuOINWKwkfJ MNYF6YxL52W242zcJ2IDPAFpbD7g4wzdYH2eLNuuWrtcsUpFgKBvPj4TowowCOh2EQjmLAqhWSaXB5CTsRsOYScEoUTFoCfyVSku6Q9AfhftgG/AHRVTBAXZwk/Z84K2ktWWGoIFrPo7AysSXKcCpY08O1ZhWhF2TJ5g4WRDId27avDbxyTAZ5qdxyNbXs3xmWSK03MnVOScxKX9W25P+0eW3y97HlRVUbVtDdQ3ktwJSwHRJkXDFqxMYBQhV3fwW6Im4uxo2y55pwreTr4HS8Hzk8eTs4GHft2EMv0Es0RBF6hw7QETpBM0S9Z94H79D77D/3P/lf/KOd1fe6nKfon/AnvwFzpcY4</latexit><latexit sha1_base64="BlK+tlAgg7t38c+OSk/ZOJLR2F8=">AAACl3icbVFda9swFJW9ry77yj5exl4uC4MEvGJng43BWKFj657aQNIWIsfIspyISraR5JEg3J+0H7O3/ZspjhlbuwtCR+ecK+nem1aCaxOGvzz/xs1bt+/s3e3du//g4aP+4yenuqwVZTNailKdp0QzwQs2M9wIdl4pRmQq2Fl6cbjVz74zpXlZTM2mYrEky4LnnBLjqKT/A6tVOcSlZEsSVMF09BHnilAbNXYMuOINWKwkfJ MNYF6YxL52W242zcJ2IDPAFpbD7g4wzdYH2eLNuuWrtcsUpFgKBvPj4TowowCOh2EQjmLAqhWSaXB5CTsRsOYScEoUTFoCfyVSku6Q9AfhftgG/AHRVTBAXZwk/Z84K2ktWWGoIFrPo7AysSXKcCpY08O1ZhWhF2TJ5g4WRDId27avDbxyTAZ5qdxyNbXs3xmWSK03MnVOScxKX9W25P+0eW3y97HlRVUbVtDdQ3ktwJSwHRJkXDFqxMYBQhV3fwW6Im4uxo2y55pwreTr4HS8Hzk8eTs4GHft2EMv0Es0RBF6hw7QETpBM0S9Z94H79D77D/3P/lf/KOd1fe6nKfon/AnvwFzpcY4</latexit><latexit sha1_base64="BlK+tlAgg7t38c+OSk/ZOJLR2F8=">AAACl3icbVFda9swFJW9ry77yj5exl4uC4MEvGJng43BWKFj657aQNIWIsfIspyISraR5JEg3J+0H7O3/ZspjhlbuwtCR+ecK+nem1aCaxOGvzz/xs1bt+/s3e3du//g4aP+4yenuqwVZTNailKdp0QzwQs2M9wIdl4pRmQq2Fl6cbjVz74zpXlZTM2mYrEky4LnnBLjqKT/A6tVOcSlZEsSVMF09BHnilAbNXYMuOINWKwkfJ MNYF6YxL52W242zcJ2IDPAFpbD7g4wzdYH2eLNuuWrtcsUpFgKBvPj4TowowCOh2EQjmLAqhWSaXB5CTsRsOYScEoUTFoCfyVSku6Q9AfhftgG/AHRVTBAXZwk/Z84K2ktWWGoIFrPo7AysSXKcCpY08O1ZhWhF2TJ5g4WRDId27avDbxyTAZ5qdxyNbXs3xmWSK03MnVOScxKX9W25P+0eW3y97HlRVUbVtDdQ3ktwJSwHRJkXDFqxMYBQhV3fwW6Im4uxo2y55pwreTr4HS8Hzk8eTs4GHft2EMv0Es0RBF6hw7QETpBM0S9Z94H79D77D/3P/lf/KOd1fe6nKfon/AnvwFzpcY4</latexit>

C(⌧, T ) =

Z +1

�1
d!⇢(!, T )e�⌧!

<latexit sha1_base64="gdJO63XL2tts81xUGoWSTNMyiaM="></latexit><latexit sha1_base64="gdJO63XL2tts81xUGoWSTNMyiaM="></latexit><latexit sha1_base64="gdJO63XL2tts81xUGoWSTNMyiaM="></latexit><latexit sha1_base64="gdJO63XL2tts81xUGoWSTNMyiaM="></latexit>

Consider large ⌧ behavior of C(⌧, T = 0):
<latexit sha1_base64="0KahzyZ5MG/bL0807NHKqZ6XPJ4=">AAACGXicbZA9SwNBEIb34leMX6eWNouJoCDhLo0iCIE0lgpGhSSEuc1csmRv99jdC4SQv2HjX7GxUMRSK/+Nm5hCjVM9vO8MM/NGqeDGBsGnl1tYXFpeya8W1tY3Nrf87Z0bozLNsM6UUPouAoOCS6xbbgXepRohiQTeRv3axL8doDZcyWs7TLGVQFfymDOwTmr7QU1JwzuoqQDdRVpqWshKNMIeDLjSVMW0VDuciMfX58FR6aztF4NyMC06D+EMimRWl23/vdlRLEtQWibAmEYYpLY1Am05EzguNDODKbA+dLHhUEKCpjWafjamB07p0NgdEitp6VT9OTGCxJhhErnOBGzP/PUm4n9eI7PxaWvEZZpZlOx7UZwJahWdxEQ7XCOzYugAmObuVsp6oIFZF2bBhRD+fXkebirl0PFVpVitzOLIkz2yTw5JSE5IlVyQS1InjNyTR/JMXrwH78l79d6+W3PebGaX/Crv4wutLZ4X</latexit><latexit sha1_base64="0KahzyZ5MG/bL0807NHKqZ6XPJ4=">AAACGXicbZA9SwNBEIb34leMX6eWNouJoCDhLo0iCIE0lgpGhSSEuc1csmRv99jdC4SQv2HjX7GxUMRSK/+Nm5hCjVM9vO8MM/NGqeDGBsGnl1tYXFpeya8W1tY3Nrf87Z0bozLNsM6UUPouAoOCS6xbbgXepRohiQTeRv3axL8doDZcyWs7TLGVQFfymDOwTmr7QU1JwzuoqQDdRVpqWshKNMIeDLjSVMW0VDuciMfX58FR6aztF4NyMC06D+EMimRWl23/vdlRLEtQWibAmEYYpLY1Am05EzguNDODKbA+dLHhUEKCpjWafjamB07p0NgdEitp6VT9OTGCxJhhErnOBGzP/PUm4n9eI7PxaWvEZZpZlOx7UZwJahWdxEQ7XCOzYugAmObuVsp6oIFZF2bBhRD+fXkebirl0PFVpVitzOLIkz2yTw5JSE5IlVyQS1InjNyTR/JMXrwH78l79d6+W3PebGaX/Crv4wutLZ4X</latexit><latexit sha1_base64="0KahzyZ5MG/bL0807NHKqZ6XPJ4=">AAACGXicbZA9SwNBEIb34leMX6eWNouJoCDhLo0iCIE0lgpGhSSEuc1csmRv99jdC4SQv2HjX7GxUMRSK/+Nm5hCjVM9vO8MM/NGqeDGBsGnl1tYXFpeya8W1tY3Nrf87Z0bozLNsM6UUPouAoOCS6xbbgXepRohiQTeRv3axL8doDZcyWs7TLGVQFfymDOwTmr7QU1JwzuoqQDdRVpqWshKNMIeDLjSVMW0VDuciMfX58FR6aztF4NyMC06D+EMimRWl23/vdlRLEtQWibAmEYYpLY1Am05EzguNDODKbA+dLHhUEKCpjWafjamB07p0NgdEitp6VT9OTGCxJhhErnOBGzP/PUm4n9eI7PxaWvEZZpZlOx7UZwJahWdxEQ7XCOzYugAmObuVsp6oIFZF2bBhRD+fXkebirl0PFVpVitzOLIkz2yTw5JSE5IlVyQS1InjNyTR/JMXrwH78l79d6+W3PebGaX/Crv4wutLZ4X</latexit><latexit sha1_base64="0KahzyZ5MG/bL0807NHKqZ6XPJ4=">AAACGXicbZA9SwNBEIb34leMX6eWNouJoCDhLo0iCIE0lgpGhSSEuc1csmRv99jdC4SQv2HjX7GxUMRSK/+Nm5hCjVM9vO8MM/NGqeDGBsGnl1tYXFpeya8W1tY3Nrf87Z0bozLNsM6UUPouAoOCS6xbbgXepRohiQTeRv3axL8doDZcyWs7TLGVQFfymDOwTmr7QU1JwzuoqQDdRVpqWshKNMIeDLjSVMW0VDuciMfX58FR6aztF4NyMC06D+EMimRWl23/vdlRLEtQWibAmEYYpLY1Am05EzguNDODKbA+dLHhUEKCpjWafjamB07p0NgdEitp6VT9OTGCxJhhErnOBGzP/PUm4n9eI7PxaWvEZZpZlOx7UZwJahWdxEQ7XCOzYugAmObuVsp6oIFZF2bBhRD+fXkebirl0PFVpVitzOLIkz2yTw5JSE5IlVyQS1InjNyTR/JMXrwH78l79d6+W3PebGaX/Crv4wutLZ4X</latexit>

C(⌧, T ) =
X

x

hO(x, ⌧)O(0, 0)iT
<latexit sha1_base64="FO4ogo6og/aji1Q8QpPNmvhhz2A=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARWiglrYJuhEI37qzQGzQhTKaTduhkEmYm0hL6IG58FTcuFHHjQvBtnLRFtPXAwMf/n8OZ83sRo1JZ1peRWVvf2NzKbud2dvf2D8zDo7YMY4FJC4csFF0PScIoJy1FFSPdSBAUeIx0vFE99Tv3REga8qaaRMQJ0IBTn2KktOSa5/WCrVBcahavbRkH7hjaDPEBI/C2MC6lVlGTVbKK0BYzw226Zt4qW7OCP1BZhjxYVMM1P+x+iOOAcIUZkrJXsSLlJEgoihmZ5uxYkgjhERqQnkaOAiKdZHbcFJ5ppQ/9UOjHFZypvycSFEg5CTzdGSA1lMteKv7n9WLlXzkJ5VGsCMfzRX7MoAphmhTsU0GwYhMNCAuq/wrxEAmElc4zp0NYOXkV2tVyRfPdRb5WXcSRBSfgFBRABVyCGrgBDdACGDyAJ/ACXo1H49l4M97nrRljMXMM/pTx+Q1sBp8G</latexit><latexit sha1_base64="FO4ogo6og/aji1Q8QpPNmvhhz2A=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARWiglrYJuhEI37qzQGzQhTKaTduhkEmYm0hL6IG58FTcuFHHjQvBtnLRFtPXAwMf/n8OZ83sRo1JZ1peRWVvf2NzKbud2dvf2D8zDo7YMY4FJC4csFF0PScIoJy1FFSPdSBAUeIx0vFE99Tv3REga8qaaRMQJ0IBTn2KktOSa5/WCrVBcahavbRkH7hjaDPEBI/C2MC6lVlGTVbKK0BYzw226Zt4qW7OCP1BZhjxYVMM1P+x+iOOAcIUZkrJXsSLlJEgoihmZ5uxYkgjhERqQnkaOAiKdZHbcFJ5ppQ/9UOjHFZypvycSFEg5CTzdGSA1lMteKv7n9WLlXzkJ5VGsCMfzRX7MoAphmhTsU0GwYhMNCAuq/wrxEAmElc4zp0NYOXkV2tVyRfPdRb5WXcSRBSfgFBRABVyCGrgBDdACGDyAJ/ACXo1H49l4M97nrRljMXMM/pTx+Q1sBp8G</latexit><latexit sha1_base64="FO4ogo6og/aji1Q8QpPNmvhhz2A=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARWiglrYJuhEI37qzQGzQhTKaTduhkEmYm0hL6IG58FTcuFHHjQvBtnLRFtPXAwMf/n8OZ83sRo1JZ1peRWVvf2NzKbud2dvf2D8zDo7YMY4FJC4csFF0PScIoJy1FFSPdSBAUeIx0vFE99Tv3REga8qaaRMQJ0IBTn2KktOSa5/WCrVBcahavbRkH7hjaDPEBI/C2MC6lVlGTVbKK0BYzw226Zt4qW7OCP1BZhjxYVMM1P+x+iOOAcIUZkrJXsSLlJEgoihmZ5uxYkgjhERqQnkaOAiKdZHbcFJ5ppQ/9UOjHFZypvycSFEg5CTzdGSA1lMteKv7n9WLlXzkJ5VGsCMfzRX7MoAphmhTsU0GwYhMNCAuq/wrxEAmElc4zp0NYOXkV2tVyRfPdRb5WXcSRBSfgFBRABVyCGrgBDdACGDyAJ/ACXo1H49l4M97nrRljMXMM/pTx+Q1sBp8G</latexit><latexit sha1_base64="FO4ogo6og/aji1Q8QpPNmvhhz2A=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARWiglrYJuhEI37qzQGzQhTKaTduhkEmYm0hL6IG58FTcuFHHjQvBtnLRFtPXAwMf/n8OZ83sRo1JZ1peRWVvf2NzKbud2dvf2D8zDo7YMY4FJC4csFF0PScIoJy1FFSPdSBAUeIx0vFE99Tv3REga8qaaRMQJ0IBTn2KktOSa5/WCrVBcahavbRkH7hjaDPEBI/C2MC6lVlGTVbKK0BYzw226Zt4qW7OCP1BZhjxYVMM1P+x+iOOAcIUZkrJXsSLlJEgoihmZ5uxYkgjhERqQnkaOAiKdZHbcFJ5ppQ/9UOjHFZypvycSFEg5CTzdGSA1lMteKv7n9WLlXzkJ5VGsCMfzRX7MoAphmhTsU0GwYhMNCAuq/wrxEAmElc4zp0NYOXkV2tVyRfPdRb5WXcSRBSfgFBRABVyCGrgBDdACGDyAJ/ACXo1H49l4M97nrRljMXMM/pTx+Q1sBp8G</latexit>

C(⌧, T ) ⇠
X

n

|h0|O|ni|2e�Mn⌧ ' f1e
�M1⌧ + f2e

�M2⌧ + . . .

<latexit sha1_base64="kBeIZrSzwDFvPnbV237DqIvHrjM="></latexit><latexit sha1_base64="kBeIZrSzwDFvPnbV237DqIvHrjM="></latexit><latexit sha1_base64="kBeIZrSzwDFvPnbV237DqIvHrjM="></latexit><latexit sha1_base64="kBeIZrSzwDFvPnbV237DqIvHrjM="></latexit>

Modifications of quarkonium yields in heavy ion collisions Matsui and Satz, PLB 178 (1986) 416

T > 0 : ⌧ < 1/T ) reconstruct ⇢(!, T )
<latexit sha1_base64="gz1VHT5VqpdmhrFVKlHXkeSB0wc=">AAACJnicdZDPahsxEMa1TtM4bto66TEXUW/AheLuGkpCaUoglxzd4n/gNWZWlm0RrbRIswnGOC+TS1+llxwcQuitj1LZXkNT2gHBx++bYTRfnEphMQh+eoWtZ9vPd4q7pRd7L1+9Lu8ftK3ODOMtpqU23Rgsl0LxFgqUvJsaDkkseSe+PF/6nSturNCqidOU9xMYKzESDNChQfnUb34JPt3cRAgZ/UzDD02f+tE3MZ4gGKOvfW o408qiyRg6x0x0NdIJH8P75jt/UK4EtY/BsmhQCzYiJ2FOKiSvxqC8iIaaZQlXyCRY2wuDFPszMCiY5PNSlFmeAruEMe85qSDhtj9bnTmnR44M6Ugb9xTSFf1zYgaJtdMkdp0J4MT+7S3hv7xehqOT/kyoNEOu2HrRKJMUNV1mRofChYBy6gQwI9xfKZuAAYYu2ZILYXMp/b9o12uh01/rlbN6HkeRHJK3pEpCckzOyAVpkBZh5Jb8IAty73337rwH73HdWvDymTfkSXm/fgM7DKMn</latexit><latexit sha1_base64="gz1VHT5VqpdmhrFVKlHXkeSB0wc=">AAACJnicdZDPahsxEMa1TtM4bto66TEXUW/AheLuGkpCaUoglxzd4n/gNWZWlm0RrbRIswnGOC+TS1+llxwcQuitj1LZXkNT2gHBx++bYTRfnEphMQh+eoWtZ9vPd4q7pRd7L1+9Lu8ftK3ODOMtpqU23Rgsl0LxFgqUvJsaDkkseSe+PF/6nSturNCqidOU9xMYKzESDNChQfnUb34JPt3cRAgZ/UzDD02f+tE3MZ4gGKOvfW o408qiyRg6x0x0NdIJH8P75jt/UK4EtY/BsmhQCzYiJ2FOKiSvxqC8iIaaZQlXyCRY2wuDFPszMCiY5PNSlFmeAruEMe85qSDhtj9bnTmnR44M6Ugb9xTSFf1zYgaJtdMkdp0J4MT+7S3hv7xehqOT/kyoNEOu2HrRKJMUNV1mRofChYBy6gQwI9xfKZuAAYYu2ZILYXMp/b9o12uh01/rlbN6HkeRHJK3pEpCckzOyAVpkBZh5Jb8IAty73337rwH73HdWvDymTfkSXm/fgM7DKMn</latexit><latexit sha1_base64="gz1VHT5VqpdmhrFVKlHXkeSB0wc=">AAACJnicdZDPahsxEMa1TtM4bto66TEXUW/AheLuGkpCaUoglxzd4n/gNWZWlm0RrbRIswnGOC+TS1+llxwcQuitj1LZXkNT2gHBx++bYTRfnEphMQh+eoWtZ9vPd4q7pRd7L1+9Lu8ftK3ODOMtpqU23Rgsl0LxFgqUvJsaDkkseSe+PF/6nSturNCqidOU9xMYKzESDNChQfnUb34JPt3cRAgZ/UzDD02f+tE3MZ4gGKOvfW o408qiyRg6x0x0NdIJH8P75jt/UK4EtY/BsmhQCzYiJ2FOKiSvxqC8iIaaZQlXyCRY2wuDFPszMCiY5PNSlFmeAruEMe85qSDhtj9bnTmnR44M6Ugb9xTSFf1zYgaJtdMkdp0J4MT+7S3hv7xehqOT/kyoNEOu2HrRKJMUNV1mRofChYBy6gQwI9xfKZuAAYYu2ZILYXMp/b9o12uh01/rlbN6HkeRHJK3pEpCckzOyAVpkBZh5Jb8IAty73337rwH73HdWvDymTfkSXm/fgM7DKMn</latexit><latexit sha1_base64="gz1VHT5VqpdmhrFVKlHXkeSB0wc=">AAACJnicdZDPahsxEMa1TtM4bto66TEXUW/AheLuGkpCaUoglxzd4n/gNWZWlm0RrbRIswnGOC+TS1+llxwcQuitj1LZXkNT2gHBx++bYTRfnEphMQh+eoWtZ9vPd4q7pRd7L1+9Lu8ftK3ODOMtpqU23Rgsl0LxFgqUvJsaDkkseSe+PF/6nSturNCqidOU9xMYKzESDNChQfnUb34JPt3cRAgZ/UzDD02f+tE3MZ4gGKOvfW o408qiyRg6x0x0NdIJH8P75jt/UK4EtY/BsmhQCzYiJ2FOKiSvxqC8iIaaZQlXyCRY2wuDFPszMCiY5PNSlFmeAruEMe85qSDhtj9bnTmnR44M6Ugb9xTSFf1zYgaJtdMkdp0J4MT+7S3hv7xehqOT/kyoNEOu2HrRKJMUNV1mRofChYBy6gQwI9xfKZuAAYYu2ZILYXMp/b9o12uh01/rlbN6HkeRHJK3pEpCckzOyAVpkBZh5Jb8IAty73337rwH73HdWvDymTfkSXm/fgM7DKMn</latexit>



NRQCD on the Lattice 

(lattices cannot be too fine)

Quark propagators are obtained as initial value problem:

masses are only defined up to a-dependent shift: M⌥(1S) = E⌥(1S) + Cshift(a)

G (x, t) =
⌦
 (x, t)  †(0, 0)

↵
<latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="GlCjSvHf4KQzv5e5XVPfH8SPqSw="></latexit><latexit sha1_base64="kXLm7rNsxRw1g/e2tmfXIGBPLlU="></latexit><latexit sha1_base64="GHH0N34Ng/qCbsOp6nn+YryeDr0="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit><latexit sha1_base64="xNMSBUnmc2PwZjFeYPk0Y4wstiM="></latexit>

G (t) = K(t)G (t� 1),

K(t) =

✓
1� a�H|t

2

◆✓
1� aH0|t

2n

◆n

U
†
4 (t)⇥

✓
1� aH0|t�1

2n

◆n ✓
1� a�H|t�1

2

◆
,

t = ⌧/a, H0 =
��(2)

2Mb
, �H ⇠ v

4
, v

6( spin� dep.)
<latexit sha1_base64="PB605FyzjC61AhiLk6kYJrtO5Dw="></latexit><latexit sha1_base64="HPkJgMxihGgHOGDbB0Cp2qxEKbo="></latexit><latexit sha1_base64="HPkJgMxihGgHOGDbB0Cp2qxEKbo="></latexit><latexit sha1_base64="GMPT/iI7na1VUTQsBSy9Qnnp+Io="></latexit>

G�(x, t) = �G†
 (x, t)

<latexit sha1_base64="vVx32MiG8Odam9Kaa9UOFUTXcTk="></latexit><latexit sha1_base64="gDnrbpcaABjCfC3Fkpu4eh5GWlA="></latexit><latexit sha1_base64="gDnrbpcaABjCfC3Fkpu4eh5GWlA="></latexit><latexit sha1_base64="HwyTXZa2makd1VG+3CrKQIJT+ls="></latexit>

Meinel, PRD 82 (2010) 114502 

Use kinetic mass instead: E⌥(1S)(p) = E⌥(1S) + Cshift(a) +
p2

2Mkin
⌥(1S)

<latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="7BSln/h7rNLm4YsP0GcMZ/Ecm6k="></latexit><latexit sha1_base64="VWSAuSLgikfs9cAkG41KLNTs2Us="></latexit><latexit sha1_base64="Vie7yME1a15srJcHeN5L7HHyWrw="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit><latexit sha1_base64="oNUBIE1X7/1a4/WGHbsJ3WE1oDI="></latexit>

Tune Mb such that Mkin
⌥(1S) = MPDG

⌥(1S)
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Advantages: No large cuto↵ e↵ects ⇠ aMb, large ⌧ range for T > 0
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Inverse lattice spacing provides a natural UV cuto↵ for NRQCD,
provided a�1  2MQ
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@ Tree level



Point correlators:
Aarts et al (FASTUM) ,  Kim, PP, Rothkopf

Extended correlators:

Optimized correlators: use several different extended meson operators 
with realistic wave functions and form orthogonal combinations

Mixed correlators (Bethe-Salpeter amplitudes ):

NRQCD meson correlators 

Op(t,x) ! O(t,x) =
X

r

 (r)�†(t,x)� (t,x+ r))
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 (r) ⇠ e�|r|2/�2

or realistic wave-function
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Oi ! Õ↵ = ⌦↵jOj , hÕ↵(t)Õ
†
�(0)i / �↵,� , i = 1, 2, 3, . . .
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Cp(t) =
X

x

hOp(t,x)Op(0,0)i,

Op(t,x) = �
†(t,x)� (t,x))
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State Irrep ⇤PC �
⌘b A�+

1 1
⌥ T��

1 �j

hb T+�
1 rj

�b0 A++
1 � ·r

�b1 T++
1 (� ⇥r)j

�b2 T++
2 �jrk + �krj
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Bethe-Salpeter amplitude

C̃
r
↵(t) =

X

x

hOr
qq(t,x)Õ↵(0,0)i ⇠ �↵(r)e

�E↵t
, t ! 1

O
r
qq(t,x) = �

†(t,x)� (t,x+ r))
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Optimized Meson Operators 
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 i(r) from potential model with Cornell potential
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Oi ! Õ↵ = ⌦↵jOj such that

hÕ↵(t)Õ
†
�(0)i / �↵,�

⌦↵j can be obtained as
Gij(t)⌦↵j = �↵(t, t0)Gij(t0)⌦↵j .
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Oi(x, t) =
X

r

 i(r)�
†(x+ r, t)� (x, t)
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Good overlap with bottomonium states but

Cij(t) = hOi(t)O
†
j(0)i 6= 0 for i 6= j
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Meinel, PRD 82 (2010) 114502 
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⌥(1S)
<latexit sha1_base64="zrZYxQ07Zplu23URJrs+3dVDgwA=">AAAB9XicbZDNTgIxFIXv+Iv4h7p00wgmuCEzbHRJ4sYlRgdIYCSd0oGGTjtpOxoy4T3cuNAYt76LO9/GArNQ8CRNvpx7b+7tCRPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfD2rtx+p0kyKezNJaBDjoWARI9hY66HS8xPNuBRV7+6i0i+V3Zo7F1oFL4cy5Gr2S1+9gSRpTIUhHGvd9dzEBBlWhhFOp8VeqmmCyRgPadeiwDHVQTa/eorOrTNAkVT2CYPm7u+JDMdaT+LQdsbYjPRybWb+V+umJroKMiaS1FBBFouilCMj0SwCNGCKEsMnFjBRzN6KyAgrTIwNqmhD8Ja/vAqtes2zfFsvN+p5HAU4hTOoggeX0IAbaIIPBBQ8wyu8OU/Oi/PufCxa15x85gT+yPn8AdDTkVc=</latexit><latexit sha1_base64="zrZYxQ07Zplu23URJrs+3dVDgwA=">AAAB9XicbZDNTgIxFIXv+Iv4h7p00wgmuCEzbHRJ4sYlRgdIYCSd0oGGTjtpOxoy4T3cuNAYt76LO9/GArNQ8CRNvpx7b+7tCRPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfD2rtx+p0kyKezNJaBDjoWARI9hY66HS8xPNuBRV7+6i0i+V3Zo7F1oFL4cy5Gr2S1+9gSRpTIUhHGvd9dzEBBlWhhFOp8VeqmmCyRgPadeiwDHVQTa/eorOrTNAkVT2CYPm7u+JDMdaT+LQdsbYjPRybWb+V+umJroKMiaS1FBBFouilCMj0SwCNGCKEsMnFjBRzN6KyAgrTIwNqmhD8Ja/vAqtes2zfFsvN+p5HAU4hTOoggeX0IAbaIIPBBQ8wyu8OU/Oi/PufCxa15x85gT+yPn8AdDTkVc=</latexit><latexit sha1_base64="zrZYxQ07Zplu23URJrs+3dVDgwA=">AAAB9XicbZDNTgIxFIXv+Iv4h7p00wgmuCEzbHRJ4sYlRgdIYCSd0oGGTjtpOxoy4T3cuNAYt76LO9/GArNQ8CRNvpx7b+7tCRPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfD2rtx+p0kyKezNJaBDjoWARI9hY66HS8xPNuBRV7+6i0i+V3Zo7F1oFL4cy5Gr2S1+9gSRpTIUhHGvd9dzEBBlWhhFOp8VeqmmCyRgPadeiwDHVQTa/eorOrTNAkVT2CYPm7u+JDMdaT+LQdsbYjPRybWb+V+umJroKMiaS1FBBFouilCMj0SwCNGCKEsMnFjBRzN6KyAgrTIwNqmhD8Ja/vAqtes2zfFsvN+p5HAU4hTOoggeX0IAbaIIPBBQ8wyu8OU/Oi/PufCxa15x85gT+yPn8AdDTkVc=</latexit><latexit sha1_base64="zrZYxQ07Zplu23URJrs+3dVDgwA=">AAAB9XicbZDNTgIxFIXv+Iv4h7p00wgmuCEzbHRJ4sYlRgdIYCSd0oGGTjtpOxoy4T3cuNAYt76LO9/GArNQ8CRNvpx7b+7tCRPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfD2rtx+p0kyKezNJaBDjoWARI9hY66HS8xPNuBRV7+6i0i+V3Zo7F1oFL4cy5Gr2S1+9gSRpTIUhHGvd9dzEBBlWhhFOp8VeqmmCyRgPadeiwDHVQTa/eorOrTNAkVT2CYPm7u+JDMdaT+LQdsbYjPRybWb+V+umJroKMiaS1FBBFouilCMj0SwCNGCKEsMnFjBRzN6KyAgrTIwNqmhD8Ja/vAqtes2zfFsvN+p5HAU4hTOoggeX0IAbaIIPBBQ8wyu8OU/Oi/PufCxa15x85gT+yPn8AdDTkVc=</latexit> ⌘b(1S)

<latexit sha1_base64="PJtjMpZ8R8HR/F60qhTsIaAoniY=">AAAB83icbZA9TwJBEIb38AvxC7W02Qgm2JA7Gi1JbCwxCpJwF7K3zMGGvb3L7pwJIfwNGwuNsfXP2PlvXOAKBd9kkyfvzGRm3zCVwqDrfjuFjc2t7Z3ibmlv/+DwqHx80jFJpjm0eSIT3Q2ZASkUtFGghG6qgcWhhMdwfDOvPz6BNiJRDzhJIYjZUIlIcIbW8qs+IOuHNe/+stovV9y6uxBdBy+HCsnV6pe//EHCsxgUcsmM6XluisGUaRRcwqzkZwZSxsdsCD2LisVgguni5hm9sM6ARom2TyFduL8npiw2ZhKHtjNmODKrtbn5X62XYXQdTIVKMwTFl4uiTFJM6DwAOhAaOMqJBca1sLdSPmKacbQxlWwI3uqX16HTqHuW7xqVZiOPo0jOyDmpEY9ckSa5JS3SJpyk5Jm8kjcnc16cd+dj2Vpw8plT8kfO5w8SfJBU</latexit><latexit sha1_base64="PJtjMpZ8R8HR/F60qhTsIaAoniY=">AAAB83icbZA9TwJBEIb38AvxC7W02Qgm2JA7Gi1JbCwxCpJwF7K3zMGGvb3L7pwJIfwNGwuNsfXP2PlvXOAKBd9kkyfvzGRm3zCVwqDrfjuFjc2t7Z3ibmlv/+DwqHx80jFJpjm0eSIT3Q2ZASkUtFGghG6qgcWhhMdwfDOvPz6BNiJRDzhJIYjZUIlIcIbW8qs+IOuHNe/+stovV9y6uxBdBy+HCsnV6pe//EHCsxgUcsmM6XluisGUaRRcwqzkZwZSxsdsCD2LisVgguni5hm9sM6ARom2TyFduL8npiw2ZhKHtjNmODKrtbn5X62XYXQdTIVKMwTFl4uiTFJM6DwAOhAaOMqJBca1sLdSPmKacbQxlWwI3uqX16HTqHuW7xqVZiOPo0jOyDmpEY9ckSa5JS3SJpyk5Jm8kjcnc16cd+dj2Vpw8plT8kfO5w8SfJBU</latexit><latexit sha1_base64="PJtjMpZ8R8HR/F60qhTsIaAoniY=">AAAB83icbZA9TwJBEIb38AvxC7W02Qgm2JA7Gi1JbCwxCpJwF7K3zMGGvb3L7pwJIfwNGwuNsfXP2PlvXOAKBd9kkyfvzGRm3zCVwqDrfjuFjc2t7Z3ibmlv/+DwqHx80jFJpjm0eSIT3Q2ZASkUtFGghG6qgcWhhMdwfDOvPz6BNiJRDzhJIYjZUIlIcIbW8qs+IOuHNe/+stovV9y6uxBdBy+HCsnV6pe//EHCsxgUcsmM6XluisGUaRRcwqzkZwZSxsdsCD2LisVgguni5hm9sM6ARom2TyFduL8npiw2ZhKHtjNmODKrtbn5X62XYXQdTIVKMwTFl4uiTFJM6DwAOhAaOMqJBca1sLdSPmKacbQxlWwI3uqX16HTqHuW7xqVZiOPo0jOyDmpEY9ckSa5JS3SJpyk5Jm8kjcnc16cd+dj2Vpw8plT8kfO5w8SfJBU</latexit><latexit sha1_base64="PJtjMpZ8R8HR/F60qhTsIaAoniY=">AAAB83icbZA9TwJBEIb38AvxC7W02Qgm2JA7Gi1JbCwxCpJwF7K3zMGGvb3L7pwJIfwNGwuNsfXP2PlvXOAKBd9kkyfvzGRm3zCVwqDrfjuFjc2t7Z3ibmlv/+DwqHx80jFJpjm0eSIT3Q2ZASkUtFGghG6qgcWhhMdwfDOvPz6BNiJRDzhJIYjZUIlIcIbW8qs+IOuHNe/+stovV9y6uxBdBy+HCsnV6pe//EHCsxgUcsmM6XluisGUaRRcwqzkZwZSxsdsCD2LisVgguni5hm9sM6ARom2TyFduL8npiw2ZhKHtjNmODKrtbn5X62XYXQdTIVKMwTFl4uiTFJM6DwAOhAaOMqJBca1sLdSPmKacbQxlWwI3uqX16HTqHuW7xqVZiOPo0jOyDmpEY9ckSa5JS3SJpyk5Jm8kjcnc16cd+dj2Vpw8plT8kfO5w8SfJBU</latexit>

�b0(1P )
<latexit sha1_base64="fPoOxCCrnqRzF+2ZGnzhjvLJQfE=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYtUlmqJAuMlVgYi0QvUhtFjuu0Vh0nsh2kEvVJWBhAiJVHYeNtcNsM0PJLlj795xyd4z9MOVPacb6t0tb2zu5eeb9ycHh0XLVPTrsqySShHZLwRPZDrChngnY005z2U0lxHHLaC6e3i3rvkUrFEvGgZyn1YzwWLGIEa2MFdrU+JBMW5KEzb7jtq3pg15ymsxTaBLeAGhRqB/bXcJSQLKZCE46VGrhOqv0cS80Ip/PKMFM0xWSKx3RgUOCYKj9fHj5Hl8YZoSiR5gmNlu7viRzHSs3i0HTGWE/Uem1h/lcbZDq68XMm0kxTQVaLoowjnaBFCmjEJCWazwxgIpm5FZEJlphok1XFhOCuf3kTul7TNXzv1VpeEUcZzuECGuDCNbTgDtrQAQIZPMMrvFlP1ov1bn2sWktWMXMGf2R9/gC6ZZHC</latexit><latexit sha1_base64="fPoOxCCrnqRzF+2ZGnzhjvLJQfE=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYtUlmqJAuMlVgYi0QvUhtFjuu0Vh0nsh2kEvVJWBhAiJVHYeNtcNsM0PJLlj795xyd4z9MOVPacb6t0tb2zu5eeb9ycHh0XLVPTrsqySShHZLwRPZDrChngnY005z2U0lxHHLaC6e3i3rvkUrFEvGgZyn1YzwWLGIEa2MFdrU+JBMW5KEzb7jtq3pg15ymsxTaBLeAGhRqB/bXcJSQLKZCE46VGrhOqv0cS80Ip/PKMFM0xWSKx3RgUOCYKj9fHj5Hl8YZoSiR5gmNlu7viRzHSs3i0HTGWE/Uem1h/lcbZDq68XMm0kxTQVaLoowjnaBFCmjEJCWazwxgIpm5FZEJlphok1XFhOCuf3kTul7TNXzv1VpeEUcZzuECGuDCNbTgDtrQAQIZPMMrvFlP1ov1bn2sWktWMXMGf2R9/gC6ZZHC</latexit><latexit sha1_base64="fPoOxCCrnqRzF+2ZGnzhjvLJQfE=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYtUlmqJAuMlVgYi0QvUhtFjuu0Vh0nsh2kEvVJWBhAiJVHYeNtcNsM0PJLlj795xyd4z9MOVPacb6t0tb2zu5eeb9ycHh0XLVPTrsqySShHZLwRPZDrChngnY005z2U0lxHHLaC6e3i3rvkUrFEvGgZyn1YzwWLGIEa2MFdrU+JBMW5KEzb7jtq3pg15ymsxTaBLeAGhRqB/bXcJSQLKZCE46VGrhOqv0cS80Ip/PKMFM0xWSKx3RgUOCYKj9fHj5Hl8YZoSiR5gmNlu7viRzHSs3i0HTGWE/Uem1h/lcbZDq68XMm0kxTQVaLoowjnaBFCmjEJCWazwxgIpm5FZEJlphok1XFhOCuf3kTul7TNXzv1VpeEUcZzuECGuDCNbTgDtrQAQIZPMMrvFlP1ov1bn2sWktWMXMGf2R9/gC6ZZHC</latexit><latexit sha1_base64="fPoOxCCrnqRzF+2ZGnzhjvLJQfE=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYtUlmqJAuMlVgYi0QvUhtFjuu0Vh0nsh2kEvVJWBhAiJVHYeNtcNsM0PJLlj795xyd4z9MOVPacb6t0tb2zu5eeb9ycHh0XLVPTrsqySShHZLwRPZDrChngnY005z2U0lxHHLaC6e3i3rvkUrFEvGgZyn1YzwWLGIEa2MFdrU+JBMW5KEzb7jtq3pg15ymsxTaBLeAGhRqB/bXcJSQLKZCE46VGrhOqv0cS80Ip/PKMFM0xWSKx3RgUOCYKj9fHj5Hl8YZoSiR5gmNlu7viRzHSs3i0HTGWE/Uem1h/lcbZDq68XMm0kxTQVaLoowjnaBFCmjEJCWazwxgIpm5FZEJlphok1XFhOCuf3kTul7TNXzv1VpeEUcZzuECGuDCNbTgDtrQAQIZPMMrvFlP1ov1bn2sWktWMXMGf2R9/gC6ZZHC</latexit>

• The e↵ective masses of point correlators
do not show a plateau for ⌧ < 1.2 fm and
have very small temperature dependence

• The small ⌧ behavior of the e↵ective masses
is well described by perturbation theory for
P-wave bottomonia

• The correlators of extended operators
approach a plateau for ⌧ < 1 fm.

<latexit sha1_base64="PIlF0ItHLorVRY+ForwacU9YA8k="></latexit><latexit sha1_base64="PIlF0ItHLorVRY+ForwacU9YA8k="></latexit><latexit sha1_base64="PIlF0ItHLorVRY+ForwacU9YA8k="></latexit><latexit sha1_base64="PIlF0ItHLorVRY+ForwacU9YA8k="></latexit>

Me↵(⌧) =
1

a
ln[C↵(t)/C↵(⌧ + a)]

<latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit><latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit><latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit><latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit>

Larsen, Meinel, Mukherjee, PP, PRD100 (2019) 074506 
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Correlators of Optimized Meson Operators at T=0 
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C↵(⌧, T ) =

Z 1

�1
d!⇢↵(!, T )e

�!⌧

<latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="YT/rFSw8+3CIcgAExIuTBF3mm00="></latexit><latexit sha1_base64="Z+YqAHZXie0nvbkti9nS0jsaNpE="></latexit><latexit sha1_base64="w8mVl72SbIsKcLck0QLVTadqsTo="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit><latexit sha1_base64="KuDUnS7hFdYOnKluN82eDMpA0zg="></latexit>

⇢↵(!, T ) = ⇢med
↵ (!, T ) + ⇢high↵ (!)

<latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0="></latexit><latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0="></latexit><latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0="></latexit><latexit sha1_base64="Dn2s2W6on0u3nxLqylhDT/l4Ti0="></latexit>

⇢med
↵ (!, T = 0) = A↵�(! �M↵)

<latexit sha1_base64="CxvO0a/3GGKkAQJU36xvuj8heMU="></latexit><latexit sha1_base64="CxvO0a/3GGKkAQJU36xvuj8heMU="></latexit><latexit sha1_base64="CxvO0a/3GGKkAQJU36xvuj8heMU="></latexit><latexit sha1_base64="CxvO0a/3GGKkAQJU36xvuj8heMU="></latexit>

) C↵(⌧, T = 0) = A↵e
�M↵⌧ + Chigh

↵ (⌧)
<latexit sha1_base64="aJ2EwrGp8Xwt6aG4GmhLEtfxUdo="></latexit><latexit sha1_base64="aJ2EwrGp8Xwt6aG4GmhLEtfxUdo="></latexit><latexit sha1_base64="aJ2EwrGp8Xwt6aG4GmhLEtfxUdo="></latexit><latexit sha1_base64="aJ2EwrGp8Xwt6aG4GmhLEtfxUdo="></latexit>

DetermineA↵,M↵ from single exponential fit for ⌧ > 0.6fm and then Chigh
↵ (⌧)

<latexit sha1_base64="FComkXXqdJq+OSy8guj1LYxxrvc="></latexit><latexit sha1_base64="FComkXXqdJq+OSy8guj1LYxxrvc="></latexit><latexit sha1_base64="FComkXXqdJq+OSy8guj1LYxxrvc="></latexit><latexit sha1_base64="FComkXXqdJq+OSy8guj1LYxxrvc="></latexit>

Me↵(⌧) =
1

a
ln[C↵(t)/C↵(⌧ + a)]

<latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit><latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit><latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit><latexit sha1_base64="xt0f6uqEYGx3ZPOlOEyhBlLNnuI="></latexit>



state �M [MeV] �M(PDG) [MeV]

⌥(3S) 906.0(25.0)(5.2) 910.3(0.7)

hb(2P ) 804.4(35.8)(4.7) 814.9(1.3)

�b2(2P ) 809.2(36.2)(4.7) 823.8(0.9)

�b1(2P ) 802.2(34.9)(4.7) 810.6(0.7)

�b0(2P ) 786.8(32.7)(4.6) 787.6(0.8)

⌥(2S) 582.7(9.8)(3.4) 578.4(0.6)

hb(1P ) 454.5(4.7)(2.6) 454.4(0.9)

�b2(1P ) 463.3(4.8)(2.7) 467.3(0.6)

�b1(1P ) 448.9(4.6)(2.6) 447.9(0.6)

�b0(1P ) 421.3(4.7)(2.4) 414.5(0.7)

hyperfine(3S) 13.4(6.2)(0.1) NA

hyperfine(2S) 24.1(1.0)(0.1) 24.5(4.5)
<latexit sha1_base64="/r5AmzOlxfCEPH8zavz8ryvNlX0="></latexit><latexit sha1_base64="/r5AmzOlxfCEPH8zavz8ryvNlX0="></latexit><latexit sha1_base64="/r5AmzOlxfCEPH8zavz8ryvNlX0="></latexit><latexit sha1_base64="/r5AmzOlxfCEPH8zavz8ryvNlX0="></latexit>

Lattice results on bottomonium spectrum
�M = M �M(1S), M(1S) = (M⌘b(1S) + 3M⌥(1S))/4

<latexit sha1_base64="0bIpGCU4xNJvRWPwOk+pasMgRbY=">AAACPXicdZDPSxtBFMdn1do0rRrrsZehoRBp1Z1UTDwIQj14CSgaFbJhmZ286ODszDLzthCW+Id58X/orbdeeqiIV6+djRFaaR8MfOfzfW9+fJNMSYdh+D2YmZ17Mf+y8qr6+s3C4lJt+e2JM7kV0BVGGXuWcAdKauiiRAVnmQWeJgpOk8svpX/6FayTRh/jKIN+ys+1HErB0aO4dhztgUJOOzudtcj4zvKgojNusKPVT1dXz9 FOoxMXESCPk3I7/viZlqCbOamMnqDVjc24Vg/XwzBkjNFSsNZW6MX2drvJ2pSVlq86mdZBXPsWDYzIU9AoFHeux8IM+wW3KIWCcTXKHWRcXPJz6HmpeQquX0x+P6YfPBnQobF+aaQT+udEwVPnRmniO1OOF+65V8J/eb0ch+1+IXWWI2jxeNEwVxQNLaOkA2lBoBp5wYWV/q1UXHDLBfrAqz6Ep5/S/4uT5jrz+nCzvtucxlEh78h70iCMtMgu2ScHpEsEuSY/yC9yG9wEP4O74P6xdSaYzqyQvyp4+A2e2qxd</latexit><latexit sha1_base64="0bIpGCU4xNJvRWPwOk+pasMgRbY=">AAACPXicdZDPSxtBFMdn1do0rRrrsZehoRBp1Z1UTDwIQj14CSgaFbJhmZ286ODszDLzthCW+Id58X/orbdeeqiIV6+djRFaaR8MfOfzfW9+fJNMSYdh+D2YmZ17Mf+y8qr6+s3C4lJt+e2JM7kV0BVGGXuWcAdKauiiRAVnmQWeJgpOk8svpX/6FayTRh/jKIN+ys+1HErB0aO4dhztgUJOOzudtcj4zvKgojNusKPVT1dXz9 FOoxMXESCPk3I7/viZlqCbOamMnqDVjc24Vg/XwzBkjNFSsNZW6MX2drvJ2pSVlq86mdZBXPsWDYzIU9AoFHeux8IM+wW3KIWCcTXKHWRcXPJz6HmpeQquX0x+P6YfPBnQobF+aaQT+udEwVPnRmniO1OOF+65V8J/eb0ch+1+IXWWI2jxeNEwVxQNLaOkA2lBoBp5wYWV/q1UXHDLBfrAqz6Ep5/S/4uT5jrz+nCzvtucxlEh78h70iCMtMgu2ScHpEsEuSY/yC9yG9wEP4O74P6xdSaYzqyQvyp4+A2e2qxd</latexit><latexit sha1_base64="0bIpGCU4xNJvRWPwOk+pasMgRbY=">AAACPXicdZDPSxtBFMdn1do0rRrrsZehoRBp1Z1UTDwIQj14CSgaFbJhmZ286ODszDLzthCW+Id58X/orbdeeqiIV6+djRFaaR8MfOfzfW9+fJNMSYdh+D2YmZ17Mf+y8qr6+s3C4lJt+e2JM7kV0BVGGXuWcAdKauiiRAVnmQWeJgpOk8svpX/6FayTRh/jKIN+ys+1HErB0aO4dhztgUJOOzudtcj4zvKgojNusKPVT1dXz9 FOoxMXESCPk3I7/viZlqCbOamMnqDVjc24Vg/XwzBkjNFSsNZW6MX2drvJ2pSVlq86mdZBXPsWDYzIU9AoFHeux8IM+wW3KIWCcTXKHWRcXPJz6HmpeQquX0x+P6YfPBnQobF+aaQT+udEwVPnRmniO1OOF+65V8J/eb0ch+1+IXWWI2jxeNEwVxQNLaOkA2lBoBp5wYWV/q1UXHDLBfrAqz6Ep5/S/4uT5jrz+nCzvtucxlEh78h70iCMtMgu2ScHpEsEuSY/yC9yG9wEP4O74P6xdSaYzqyQvyp4+A2e2qxd</latexit><latexit sha1_base64="0bIpGCU4xNJvRWPwOk+pasMgRbY=">AAACPXicdZDPSxtBFMdn1do0rRrrsZehoRBp1Z1UTDwIQj14CSgaFbJhmZ286ODszDLzthCW+Id58X/orbdeeqiIV6+djRFaaR8MfOfzfW9+fJNMSYdh+D2YmZ17Mf+y8qr6+s3C4lJt+e2JM7kV0BVGGXuWcAdKauiiRAVnmQWeJgpOk8svpX/6FayTRh/jKIN+ys+1HErB0aO4dhztgUJOOzudtcj4zvKgojNusKPVT1dXz9 FOoxMXESCPk3I7/viZlqCbOamMnqDVjc24Vg/XwzBkjNFSsNZW6MX2drvJ2pSVlq86mdZBXPsWDYzIU9AoFHeux8IM+wW3KIWCcTXKHWRcXPJz6HmpeQquX0x+P6YfPBnQobF+aaQT+udEwVPnRmniO1OOF+65V8J/eb0ch+1+IXWWI2jxeNEwVxQNLaOkA2lBoBp5wYWV/q1UXHDLBfrAqz6Ep5/S/4uT5jrz+nCzvtucxlEh78h70iCMtMgu2ScHpEsEuSY/yC9yG9wEP4O74P6xdSaYzqyQvyp4+A2e2qxd</latexit>

Prediction for ⌘b(3S) !
<latexit sha1_base64="uhvKFDU3etZUw/kFCADQXQHU6bc=">AAACBnicdVDLTgJBEJzFF+Jr1aMxGQUTvJDdhQDeSLx4xCiPBAiZHXpxwuwjM7MmhHDy4q948aAxXv0Gb/6Ns4CJGq1TdVV3urvciDOpLOvDSC0tr6yupdczG5tb2zvm7l5ThrGg0KAhD0XbJRI4C6ChmOLQjgQQ3+XQckfnid+6BSFZGFyrcQQ9nwwD5jFKlJb65mFdwIDRpMBeKHCuC4r03Xzx6jSHj/pm1iqcVctOqYytgmVVbMdOiFMpFUvY1kqCLFqg3jffu4OQxj4EinIiZce2ItWbEKEY5TDNdGMJEaEjMoSOpgHxQfYmszem+EQrg9kVXhgoPFO/T0yIL+XYd3WnT9SN/O0l4l9eJ1ZetTdhQRQrCOh8kRdzrEKcZIIHTABVfKwJoYLpWzG9IYJQpZPL6BC+PsX/k6ZTsDW/dLI1ZxFHGh2gY5RHNqqgGrpAddRAFN2hB/SEno1749F4MV7nrSljMbOPfsB4+wTAppdM</latexit><latexit sha1_base64="uhvKFDU3etZUw/kFCADQXQHU6bc=">AAACBnicdVDLTgJBEJzFF+Jr1aMxGQUTvJDdhQDeSLx4xCiPBAiZHXpxwuwjM7MmhHDy4q948aAxXv0Gb/6Ns4CJGq1TdVV3urvciDOpLOvDSC0tr6yupdczG5tb2zvm7l5ThrGg0KAhD0XbJRI4C6ChmOLQjgQQ3+XQckfnid+6BSFZGFyrcQQ9nwwD5jFKlJb65mFdwIDRpMBeKHCuC4r03Xzx6jSHj/pm1iqcVctOqYytgmVVbMdOiFMpFUvY1kqCLFqg3jffu4OQxj4EinIiZce2ItWbEKEY5TDNdGMJEaEjMoSOpgHxQfYmszem+EQrg9kVXhgoPFO/T0yIL+XYd3WnT9SN/O0l4l9eJ1ZetTdhQRQrCOh8kRdzrEKcZIIHTABVfKwJoYLpWzG9IYJQpZPL6BC+PsX/k6ZTsDW/dLI1ZxFHGh2gY5RHNqqgGrpAddRAFN2hB/SEno1749F4MV7nrSljMbOPfsB4+wTAppdM</latexit><latexit sha1_base64="uhvKFDU3etZUw/kFCADQXQHU6bc=">AAACBnicdVDLTgJBEJzFF+Jr1aMxGQUTvJDdhQDeSLx4xCiPBAiZHXpxwuwjM7MmhHDy4q948aAxXv0Gb/6Ns4CJGq1TdVV3urvciDOpLOvDSC0tr6yupdczG5tb2zvm7l5ThrGg0KAhD0XbJRI4C6ChmOLQjgQQ3+XQckfnid+6BSFZGFyrcQQ9nwwD5jFKlJb65mFdwIDRpMBeKHCuC4r03Xzx6jSHj/pm1iqcVctOqYytgmVVbMdOiFMpFUvY1kqCLFqg3jffu4OQxj4EinIiZce2ItWbEKEY5TDNdGMJEaEjMoSOpgHxQfYmszem+EQrg9kVXhgoPFO/T0yIL+XYd3WnT9SN/O0l4l9eJ1ZetTdhQRQrCOh8kRdzrEKcZIIHTABVfKwJoYLpWzG9IYJQpZPL6BC+PsX/k6ZTsDW/dLI1ZxFHGh2gY5RHNqqgGrpAddRAFN2hB/SEno1749F4MV7nrSljMbOPfsB4+wTAppdM</latexit><latexit sha1_base64="uhvKFDU3etZUw/kFCADQXQHU6bc=">AAACBnicdVDLTgJBEJzFF+Jr1aMxGQUTvJDdhQDeSLx4xCiPBAiZHXpxwuwjM7MmhHDy4q948aAxXv0Gb/6Ns4CJGq1TdVV3urvciDOpLOvDSC0tr6yupdczG5tb2zvm7l5ThrGg0KAhD0XbJRI4C6ChmOLQjgQQ3+XQckfnid+6BSFZGFyrcQQ9nwwD5jFKlJb65mFdwIDRpMBeKHCuC4r03Xzx6jSHj/pm1iqcVctOqYytgmVVbMdOiFMpFUvY1kqCLFqg3jffu4OQxj4EinIiZce2ItWbEKEY5TDNdGMJEaEjMoSOpgHxQfYmszem+EQrg9kVXhgoPFO/T0yIL+XYd3WnT9SN/O0l4l9eJ1ZetTdhQRQrCOh8kRdzrEKcZIIHTABVfKwJoYLpWzG9IYJQpZPL6BC+PsX/k6ZTsDW/dLI1ZxFHGh2gY5RHNqqgGrpAddRAFN2hB/SEno1749F4MV7nrSljMbOPfsB4+wTAppdM</latexit>

1S hyperfine splitting, M⌥(1S)�M⌘b(1S) is not reproduced within this approach
because it is very sensitive to short distance physics ) need radiative correction
in the NRQCD Lagrangian

or relativistic approach
<latexit sha1_base64="LQSaGDkauFd8eAZ64SOlKWPmSvQ="></latexit><latexit sha1_base64="LQSaGDkauFd8eAZ64SOlKWPmSvQ="></latexit><latexit sha1_base64="LQSaGDkauFd8eAZ64SOlKWPmSvQ="></latexit><latexit sha1_base64="LQSaGDkauFd8eAZ64SOlKWPmSvQ="></latexit>

Larsen, Meinel, Mukherjee, PP,
PLB 800 (20) 135119

Dowdal et al (HPQCD), PRD 85 (12) 054509; PRD 89 (14) 031502(R)

Hatton et al, PRD 103 (21) 054512

For charmonium it is better to use relativistic lattice formulation,  Burch et al, PRD 81 (2010) 034508



Bottomonium Bethe-Salpeter amplitude at T=0 
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�↵(r)- Bethe-Salpeter amplitude
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Correlators of Extended Meson Operators at T>0 

Csub
↵ (⌧, T ) = C↵(⌧, T )� Chigh

↵ (⌧)
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) aM sub
e↵ (⌧, T ) = ln
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e↵ (⌧, T ) using a simple Ansatz:
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Thermal width and mass shift of bottomonium 
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Quark anti-quark potential at T>0 

Conjecture, Matsui and Satz, PLB 178 (86) 416 �4
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e�mDr, T > Tc
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Extending pNRQCD to T>0: the potential is complex, the real part can have thermal correction
but is not necessarily screened, except when r ~ 1/mD

Laine, Philipsen, Romatschke, Tassler, JHEP 03 (06) 054
Brambilla, Ghiglieri, PP, Vairo, PRD 78 (08) 014017  Based on weak coupling 

Calculate the potential non-perturbatively on the lattice by considering Wislon loops 
of size r x 𝞽 at T>0

W (r, ⌧, T ) =

Z 1

�1
⇢r(!, T )e

�!⌧
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If potential at T > 0 exists the ⇢r(!, T ) should have a well define peak at
! ' ReV (r, T ), and the width of the peak is ImV (r, T )
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Quark anti-quark potential at T>0 from the lattice 
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Bethe-Salpeter amplitude at T>0 and potential model  
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Summary 

• Using the correlators of extended operators (or combinations of extended
operators) and NRQCD we can obtain a good description of bottomonium
spectrum from NRQCD

• The lattice study of Bethe-Salpeter amplitudes confirms the potential
model description of bottomonium at T = 0, the potential obtain from
Wilson loops on the lattice agrees very well with the Cornell parametriza-
tion

• Using a simple Ansatz for the spectral function we extracted the thermal
width of ⌥(1S), ⌥(2S), ⌥(3S), �b1(1P ) and �b2(2P ) states and found
that the value of the thermal width follows the hierarchy of the bottomium
sizes, as expected

• No significant thermal modification of bottomonium masses have been
found in contrast with the expectations based on potential models with
screened potential

• Lattice calculations confirm the existence of the imaginary part of the
potential; There is no clear evidence for the screening of the real part of
the potential
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Black triangles: extended operators with  Gaussian smearing



Back-up: Bottomonium Bethe-Salpeter amplitude at T>0 
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Thermal e↵ects
are larger for
larger r
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Thermal e↵ects can be
seen but �↵ is similar
to the T = 0 result at
qualitative level
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Meff shows similar
thermal e↵ects similar
to one obtained from
optimized correlators;
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Back-up: relativistic approach

Splitting Charmonium Bottomonium
This work Experiment This work Experiment

1P -1S 473± 12+10
�0 457.5± 0.3 446± 18+10

�0 456.9± 0.8
1P1-1S 469± 11+10

�0 457.9± 0.4 440± 17+10
�0 —

2S-1S 792± 42+17
�0 606± 1 599± 36+13

�0 (580.3± 0.8)1

13S1-11S0 116.0± 7.4+2.6
�0 116.4± 1.2 54.0± 12.4+1.2

�0 69.4± 2.8
1P tensor 15.0± 2.3+0.3

�0 16.25± 0.074.5± 2.2+0.1
�0 5.25± 0.13

1P spin-orbit43.3± 6.6+1.0
�0 46.61± 0.0916.9± 7.0+0.4

�0 18.2± 0.2
1S s̄Q-Q̄Q 1058± 13+24

�0 1084.8± 0.81359± 304+31
�0 1363.3± 2.2
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